We tested the hypothesis that passive heat stress attenuates the increase in cardiac parasympathetic stimulation, vascular resistance and blood pressure evoked by face cooling.
INTRODUCTION
In humans, cooling of the forehead and cheeks stimulates cold afferents downstream of the trigeminal nerve (Finley, Bonet, & Waxman, 1979; Khurana, Watabiki, Hebel, Toro, & Nelson, 1980) . Such stimulation increases cardiac parasympathetic activity, which often evokes bradycardia (Al-Ani, Powell, West, Townend, & Coote, 1995; Fisher et al., 2015a; Khurana & Wu, 2006; Schlader, Coleman, Sackett, Sarker, & Johnson, 2016a; Stemper, Hilz, Rauhut, & Neundörfer, 2002) , but this response abates within ∼3 min despite continued face cooling (Schlader et al., 2016a) . Face cooling also simultaneously stimulates the sympathetic nervous system, elevating systemic vascular resistance (Fagius & Sundlöf, 1986; Fisher et al., 2015a; Heindl, Struck, Wellhöner, Sayk, & Dodt, 2004; Khurana & Wu, 2006; Shamsuzzaman et al., 2014) , which persists as long as the face cooling c 2018 The Authors. Experimental Physiology c 2018 The Physiological Society stimulus is present (Schlader et al., 2016a) . The reductions in heart rate during face cooling are not sufficient to reduce cardiac output (Brown, Sanya, & Hilz, 2003) ; therefore, blood pressure increases with face cooling as a result of elevations in systemic vascular resistance (Al-Ani et al., 1995; Fagius & Sundlöf, 1986; Fisher et al., 2015a; Heindl et al., 2004; Khurana & Wu, 2006; Shamsuzzaman et al., 2014) .
Passive (i.e. resting) heat stress, which evokes increases in both skin and internal temperatures, reduces systemic vascular resistance occurring secondary to increases in skin blood flow (Crandall & Wilson, 2014; Rowell, 1974) . Mean arterial pressure is reasonably well maintained (Crandall & Wilson, 2014; Rowell, 1974) . Thus, cardiac output is elevated during passive heat stress, which is almost entirely mediated by elevations in heart rate (Crandall & Wilson, 2014; Rowell, 1974) . These cardiovascular responses are brought about by generalized sympathetic activation (Gorman & Experimental Physiology. 2018; 103:701-713. wileyonlinelibrary.com/journal/eph
New Findings
• What is the central question of this study?
Does passive heat stress attenuate the increase in cardiac parasympathetic stimulation, vascular resistance and blood pressure evoked by face cooling?
• What is the main finding and its importance?
Passive heat stress attenuates the capacity to increase cardiac parasympathetic activation and impairs the ability to increase vascular resistance during sympathoexcitation, which ultimately results in a relative inability to increase blood pressure. These findings cast doubt on the efficacy of face cooling at augmenting blood pressure during orthostasis while heat stressed. Proppe, 1984; Low, Keller, Wingo, Brothers, & Crandall, 2011) and cardiac parasympathetic withdrawal (Bruce- Low, Cotterrell, & Jones, 2006; Gorman & Proppe, 1984; Yamamoto, Iwamoto, Inoue, & Harada, 2007) . The capacity to increase sympathetic activity during sympathoexcitatory manoeuvres (e.g. orthostasis, cold pressor test) is largely unaffected by passive heat stress (Cui et al., 2010; Cui, Wilson, & Crandall, 2004; Gagnon, Schlader, & Crandall, 2015) . Despite this, increases in vascular resistance during such stimuli are attenuated during passive heat stress, often resulting in a relative inability to increase or maintain blood pressure (Cui et al., , 2010 . Notably, it is unknown whether passive heat stress affects the responsiveness to cardiac parasympathetic stimulation, such as would occur with face cooling.
Similar to passive heat stress, exercise elicits cardiac parasympathetic withdrawal and sympathetic activation (Fisher, Young, & Fadel, 2015b) . Compared with face cooling at rest, face cooling during exercise results in an attenuated increase in cardiac parasympathetic activation (Al-Ani et al., 1995; Fisher et al., 2015a) .
Thus, the purpose of the present study was to test the hypothesis that passive heat stress attenuates the increase in cardiac parasympathetic stimulation evoked by face cooling. It was further hypothesized that elevations in vascular resistance and blood pressure during face cooling would also be attenuated during passive heat stress. Notably, heat stress reduces orthostatic tolerance (Schlader & Crandall, 2014) .
Thus, the testing of these hypotheses might provide valuable insights regarding the potential efficacy of face cooling to aid blood pressure control (e.g. Johnson, Sackett, Sarker, & Schlader, 2017) in individuals who are often exposed to heat stress (e.g. military personnel; Buller et al., 2010) .
METHODS

Ethical approval
The study was approved by the Institutional Review Board at the University at Buffalo (approval no. STUDY00000682). The study conformed to the standards set by the Declaration of Helsinki, except for registration in a database. Before completing any study-related activities, each subject was fully informed of the experimental procedures and possible risks before giving informed, written consent.
Subjects
Ten healthy young subjects (one female) participated in this study.
The subject characteristics were as follows: age 22 ± 2 years; height 178 ± 10 cm; and weight 79.9 ± 13.8 kg. Subjects were physically active, non-smokers, not taking medications, and reported to be free from any known cardiovascular, metabolic, neurological or psychological diseases. The female subject was not pregnant, which was confirmed via a urine pregnancy test. Menstrual cycle phase and time of day were not controlled. This was deemed acceptable because all experimental testing was held on the same day. Subjects visited the laboratory on two occasions. Visit 1 was a screening and familiarization visit, and visit 2 was the experimental trial.
Instrumentation and measurements
Height and weight were measured with a stadiometer and scale (Sartorius Corp., Bohemia, NY, USA). Heart rate was measured continually from a three-lead ECG (DA100C; Biopac Systems, Inc., Goleta, CA, USA). Beat-to-beat blood pressure was measured via the Penaz method (Finometer Pro; FMS, Amsterdam, The Netherlands) and confirmed intermittently via auscultation of the brachial artery by electrosphygmomanometry (Tango M2; SunTech, Raleigh, NC, USA).
Stroke volume was estimated from the blood pressure waveform using Modelflow (Wesseling, Jansen, Settels, & Schreuder, 1993) . Skin blood flow was measured via integrated laser Doppler flowmetry (Periflux System 5010; Perimed, Stockholm, Sweden) on the dorsal surface of the left forearm. Forearm blood flow was measured on the right arm via venous occlusion plethysmography (Wilkinson & Webb, 2001 ).
This was accomplished by placing a strain gauge (D.E. Hokanson, Inc., Bellevue, WA, USA) around the widest circumference of the right forearm and pressure cuffs on the wrist and upper arm proximal to the elbow. During each measurement period, the wrist cuff was inflated to 250 mmHg, whereas the cuff on the upper arm cycled between 0 and 50 mmHg every 8 s, thereby temporarily occluding venous return. Forearm blood flow during each cycle was determined from the slope of the increase in forearm volume determined from the strain gauge and is presented as the average of six consecutive measurements at each measurement time period (Wilkinson & Webb, 2001 (Taylor, Johnson, Kosiba, & Kwan, 1989) .
Experimental protocol
Subjects arrived at the laboratory having refrained from strenuous exercise, alcohol and caffeine for 12 h and food for 2 h, and euhydrated, which was confirmed via urine specific gravity (1.010 ± 0.007).
After instrumentation, subjects assumed the supine position in a temperature-controlled laboratory (24 ± 1 • C) while 34 • C water perfused the suit. After ≥15 min rest, normothermic pre-face cooling measurements were made over the next 5 min. At the end of this period, 3 min of face cooling commenced. Face cooling was achieved by placing a flexible bag of ice water (0 ± 0 • C) directly on the forehead, eyes and cheeks. The volume of the ice water was 2.5 litres.
Based on our previous work (Schlader et al., 2016a) , 3 min of face cooling was deemed sufficient to capture both the transient cardiac parasympathetic activation and increases in vascular resistance and blood pressure. During face cooling, respiratory rate and tidal volume were not controlled, but subjects were encouraged to breath normally.
Approximately 5 min after face cooling was terminated, 50 • C water was then circulated through the water-perfused suit. During this time, subjects were also wrapped in a Mylar blanket (Primacare Medical Supplies, Passaie, NJ, USA) to help prevent evaporative heat loss and promote heat gain. When intestinal temperature increased 1.0 ± 0.2 • C above baseline, the Mylar blanket was removed to attenuate the continued increase in intestinal temperature. Five minutes of passive heat stress pre-face cooling data were then collected, followed by another 3 min of face cooling. After this heat stress face cooling, 20 • C water was then circulated through the water-perfused suit, which promoted the recovery of body temperature back to normothermic levels.
Data and statistical analyses
All data were sampled continuously at 1000 Hz via a data acquisition system (MP150; Biopac Systems, Inc.). Except for forearm blood flow (see below), normothermia and heat stress data were analysed during the final 1 min of the pre-face cooling baseline and at 1, 2 and 3 min of face cooling (all 60 s averages). During each of these time periods, R-R intervals were calculated from the ECG. All R waves were visually inspected for ectopic beats and manually edited where needed. Estimates of short-term changes in cardiac parasympathetic activity were derived using heart rate variability in the time domain (Task Force of the European Society of Cardiology and the North American Society of Pacing and Electrophysiology, 1996) . Specifically, the standard deviation of the R-R intervals (SDNN), the square root of the mean of successive differences in R-R interval (RMSSD) and the fraction of consecutive R-R intervals that differ by >50 ms (pNN50)
were calculated using WinCPRS software (Absolute Aliens, Turku, Finland). An increase in each of these variables is indicative of increases in parasympathetic activity. The time domain was chosen because of the short sample duration required to determine accurate measures of heart rate variability (Rickards, Ryan, & Convertino, 2010) . Owing to the inability of the software to detect a sufficient number R-R intervals accurately during heat stress, R-R interval and heart rate variability data are presented as n = 7. Forearm blood flow was measured pre-face cooling and at 3 min of face cooling (all the average of six consecutive measurements). Forearm blood flow data were excluded in one subject because of an excessive movement artefact during heat stress. Thus, these data are presented as n = Mean skin and intestinal temperatures before face cooling were compared via Student's paired t tests. All other data were analysed using two-way repeated-measures ANOVA (time × condition). These data were analysed as both absolute values and as the absolute change from pre-face cooling in order to control for any baseline differences between normothermia and heat stress. Data were assessed for approximation to a normal distribution and sphericity, and no corrections were necessary. When the ANOVA revealed a significant main effect or interaction, Sidak's post hoc test pairwise comparisons were made. Nonetheless, independent of the results of the ANOVA, Sidak's pairwise comparisons were made between trials at each time point, which was deemed ideal to test our hypotheses.
As a secondary analysis, differences between percentage changes in the calculated conductance and resistance throughout face cooling during both normothermia and heat stress were analysed using twoway repeated-measures ANOVA as outlined above. The percentage changes in vascular conductance were normalized to the direction of changes in vascular resistance by multiplying these values by minus one. This allowed for direct comparisons to be made between two variables whose responses to face cooling are opposite in direction (i.e. conductance is expected to decrease and resistance increase).
All data were analysed using Prism software (Version 6; GraphPad Software Inc., La Jolla, CA, USA). A priori statistical significance was set at P ≤ 0.05, and the P values are reported where possible. Data are reported as means ± SD.
RESULTS
Body temperatures
Mean skin temperature and intestinal temperature pre-face cooling during normothermia were 34.8 ± 0.5 and 37.0 ± 0.4 • C, respectively, 
F I G U R E 1 Heart rate (a), stroke volume (c) and cardiac output (e) before face cooling (time = 0 min) and during each minute of face cooling, and changes (∆) in these variables from pre-face cooling (b, d, f) . Values are means ± SD, n = 10. *Significantly different from normothermia (P ≤ 0.03). P values for the two-way repeated-measures ANOVA are noted which were lower than during heat stress (mean skin temperature 38.8 ± 0.8 • C; intestinal temperature 38.0 ± 0.5 • C; both comparisons P < 0.01). Pre-face cooling, forehead skin temperature was 1.6 ± 0.5 • C higher during heat stress (35.7 ± 1.0 • C) compared with normothermia (34.0 ± 1.0 • C, P < 0.01). Forehead skin temperature generally remained higher throughout face cooling during heat stress (at 3 min: normothermia 16.5 ± 1.4 • C; heat stress, 19.4 ± 3.1 • C; P < 0.01). The magnitude of the reduction in forehead skin temperature brought about by face cooling was greater during normothermia (−17.6 ± 1.9 • C) versus heat stress (−16.3 ± 3.0 • C,
Cardiac responses
Heart rate was higher before and throughout face cooling during heat stress (P < 0.01; Figure 1a ). The change in heart rate during face cooling was greater in heat stress at 1 min (P = 0.03), but otherwise did not differ between heat stress and normothermia (P ≥ 0.43; Figure 1b ).
Stroke volume was lower pre-face cooling during heat stress compared with normothermia (P < 0.01) and was maintained lower during face cooling in heat stress (P ≤ 0.03; Figure 1c ). The change in stroke volume during face cooling was not statistically different between heat stress and normothermia (P ≥ 0.06; Figure 1d ). Cardiac output was higher F I G U R E 2 The R-R interval (a), the standard deviation of the R-R intervals (SDNN; c), the square root of the mean of successive differences in R-R interval (RMSSD; e) and the fraction of consecutive R-R intervals that differ by more than 50 ms (pNN50; g) before face cooling (time = 0 min) and during each minute of face cooling, and changes (∆) in these variables from pre-face cooling (b, d, f, h) . Values are means ± SD, n = 7. *Significantly different from normothermia (P ≤ 0.03). P values for the two-way repeated-measures ANOVA are noted pre-face cooling during heat stress compared with normothermia (P < 0.01) and was maintained higher during face cooling in heat stress (P < 0.01; Figure 1e ). The change in cardiac output differed between heat stress and face cooling at 2 min of face cooling (P < 0.01; Figure 1f ).
The R-R interval was lower before and throughout face cooling during heat stress (P < 0.01; Figure 2a) . However, the change in R-R interval with face cooling did not differ between heat stress and normothermia (P ≥ 0.52; Figure 2b ). The SDNN did not differ pre-face Systemic vascular resistance (a; n = 10), cutaneous vascular resistance (c; n = 10) and forearm vascular resistance (e; n = 9) before face cooling (time = 0 min) and during each minute of face cooling, and changes (∆) in these variables from pre-face cooling (b, d, f) . Values are means ± SD. *Significantly different from normothermia (P < 0.01). P values for the two-way repeated-measures ANOVA are noted cooling (P = 0.24) but was higher at 1 and 2 min of face cooling in normothermia compared with heat stress (P < 0.01; Figure 2c ). The change in SDNN was attenuated during face cooling in heat stress at 1 min (P < 0.01; Figure 2d ). The RMSSD did not differ pre-face cooling (P = 0.92) but was higher at 1 and 2 min of face cooling in normothermia compared with heat stress (P < 0.01; Figure 2e ). The change in RMSSD during face cooling was not statistically different between heat stress and normothermia (P ≥ 0.08; Figure 2f ). The pNN50 was lower pre-face cooling during heat stress (P = 0.04), which was sustained throughout face cooling (P ≤ 0.03; Figure 2g ).
The change in pNN50 was lower between 2 and 3 min of face cooling in heat stress compared with normothermia (P ≤ 0.03; Figure 2h ).
Vascular responses
Systemic vascular resistance was lower before and throughout face cooling during heat stress (P < 0.01; Figure 3a) . The change in systemic vascular resistance was attenuated during face cooling in heat stress between 2 and 3 min (P < 0.01; Figure 3b ). Skin blood flow was higher pre-face cooling during heat stress (127 ± 35 perfusion units (PU)) compared with normothermia (22 ± 14 PU; P < 0.01) and was maintained higher during face cooling in heat stress (P < 0.01). Skin blood flow did not change throughout face cooling in either heat stress (P ≥ 0.06) or normothermia (P ≥ 0.12). Likewise, cutaneous vascular resistance was lower before and throughout face cooling during heat stress (P < 0.01; Figure 3c ). The change in cutaneous vascular resistance evoked by face cooling was attenuated during heat 
F I G U R E 4
Systemic vascular conductance (a; n = 10), cutaneous vascular conductance (c; n = 10) and forearm vascular conductance (e; n = 9) before face cooling (time = 0 min) and during each minute of face cooling, and changes (∆) in these variables from pre-face cooling (b, d, f). Values are means ± SD. *Significantly different from normothermia (P < 0.01). P-values for the two-way repeated-measures ANOVA are noted stress at 1 min (P < 0.01; Figure 3d ). Forearm blood flow was elevated pre-face cooling during heat stress [5.6 ± 3.0 ml min −1 (100 g tissue) −1 ] compared with normothermia [3.5 ± 0.9 ml min −1 (100 g tissue) −1 ; P < 0.01]. Forearm blood flow did not change with face cooling in either normothermia (P = 0.99) or heat stress (P = 0.25). Differences in forearm vascular resistance did not reach statistical significance between normothermia and heat stress pre-face cooling (P = 0.07), but forearm vascular resistance was lower during heat stress with face cooling (P < 0.01; Figure 3e ). The change in forearm vascular resistance was attenuated during face cooling in heat stress (P < 0.01; Figure 3f ).
Systemic vascular conductance was higher before and throughout face cooling during heat stress (P < 0.01; Figure 4a ). The change in systemic vascular conductance was attenuated during face cooling in heat stress between 2 and 3 min (P < 0.01; Figure 4b ). Cutaneous vascular conductance was higher before and throughout face cooling during heat stress (P < 0.01; Figure 4c ). However, changes in cutaneous vascular conductance evoked by face cooling did not differ between normothermia and heat stress (P ≥ 0.62; Figure 4d ). Forearm vascular conductance was elevated during heat stress both before and during face cooling (P < 0.01; Figure 4e ). The change in forearm vascular conductance evoked by face cooling did not differ between heat stress and normothermia (P = 0.97; Figure 4f ).
Blood pressure responses
Mean arterial pressure was lower before and throughout face cooling during heat stress (P < 0.01; Figure 5a ). The change in mean arterial pressure was attenuated throughout face cooling during heat stress (P < 0.01; Figure 5b ). Systolic and diastolic blood pressure followed 
Resistance versus conductance
During normothermic face cooling, percentage changes in systemic vascular resistance differed from those of systemic vascular conductance at 1 and 3 min (P ≤ 0.03; Figure 6a ). During heat stress face cooling, differences between systemic vascular resistance and conductance were observed at 3 min (P < 0.01; Figure 6b ). During normothermic face cooling, percentage changes in cutaneous vascular resistance did not differ from those of systemic vascular conductance (P ≥ 0.14; Figure 6c ). However, during heat stress, differences between cutaneous vascular resistance and conductance were observed at 3 min (P = 0.04; Figure 6d ). During both normothermic (P < 0.01; Figure 6e ) and heat stress (P = 0.01; Figure 6f ) face cooling, percentage changes in forearm vascular resistance were greater than those of forearm vascular resistance.
DISCUSSION
In support of our first hypothesis, passive heat stress attenuated which ultimately results in a relative inability to increase or maintain blood pressure (Cui et al., , 2010 .
Passive heat stress attenuates cardiac parasympathetic activation during face cooling
During passive heat stress, cardiac output increases to accommodate reductions in systemic vascular resistance without compromising blood pressure (Crandall & Wilson, 2014; Rowell, 1974) . This increase in cardiac output is almost entirely mediated by elevations in heart rate, because stroke volume largely remains unchanged (Crandall & Wilson, 2014; Rowell, 1974) . It is believed that ∼40% of the increase in heart rate during heat stress is attributable to increases in cardiac tissue temperature, whereas the remaining 60% is because of changes in the autonomic nervous system (Gorman & Proppe, 1984) .
Data obtained from baboons indicate that ∼75% of the contribution of the autonomic nervous system to increases in heart rate is attributable to parasympathetic withdrawal, whereas the remainder is attributable to sympathetic activation (Gorman & Proppe, 1984) . This is supported by prior heart rate variability analyses from human data demonstrating that heat stress evokes reductions in markers of parasympathetic activation (Bruce- Low et al., 2006; Yamamoto et al., 2007) . This is reinforced by the present study, such that preface cooling we observed lower pNN50 during heat stress compared with pre-face cooling during normothermia (Figure 2g ). The present study extends these findings to indicate that passive heat stress attenuates the response to cardiac parasympathetic stimulation. The mechanisms underlying the differences in changes in time domain indices of heart rate variability evoked by face cooling between heat stress and normothermia are unknown. Like passive heat stress, however, exercise also elicits cardiac parasympathetic withdrawal and sympathetic activation (Fisher et al., 2015b) . Such responses are mediated by central command and skeletal muscle afferent feedback (Fisher et al., 2015b) . Exercise attenuates the face coolinginduced elevation in cardiac parasympathetic activity, as determined by changes in heart rate and/or indices of heart rate variability (Al-Ani et al., 1995; Fisher et al., 2015a; Smith, Stephens, Winchester, & Williamson, 1997) . This is believed to be attributable to the inhibitory effects of central command and/or skeletal muscle afferent feedback (Al-Ani et al., 1995; Smith et al., 1997) . With this background, we speculate that the attenuated increase in cardiac parasympathetic activity with face cooling during heat stress is attributable to any inhibitory effects of thermoregulatory processes originating in the preoptic anterior hypothalamus. Nonethless, it is also possible that face cooling did induce cardiac parasympathetic activation during heat stress, but that this signal and its corresponding change in R-R interval was overwhelmed by the profound cardiac sympathetic activation elicited by heat stress (Rowell, 1990) . If this were the case, changes in the R-R intervals would be unaffected, as was observed in the present study (Figure 2b) . Therefore, it is conceivable that time domain indices of heart rate variability would be unchanged despite cardiac parasympathetic activation. Further research is required to delineate the mechanisms underlying the differential changes in time domain indices of heart rate variability induced by face cooling during heat stress and normothermia.
Heat stress attenuates increases in vascular resistance and blood pressure during face cooling
During face cooling, we observed attenuated increases in vascular resistance with heat stress (Figure 3 ). During normothermia, face cooling-evoked increases in vascular resistance are mediated via sympathetic nervous system activation (Fisher et al., 2015a) . Increases in sympathetic activity during sympathoexcitatory stimuli are largely unaffected by passive heat stress (Cui et al., , 2010 Gagnon et al., 2015) . Thus, we speculate that the lack of increase in vascular resistance was not attributable to altered sympathetic activation during heat stress. Rather, our observations are probably related to differential vascular responsiveness to sympathetic activation (Schlader, Wilson, & Crandall, 2016b) . For instance, a given dose of phenylephrine (a noradrenaline analogue) results in a diminished increase in vascular resistance during heat stress (Cui, Wilson, & Crandall, 2002) . This lack of vascular responsiveness during heat stress is probably attributable to high circulating levels of nitric oxide, a potent vasodilator (Ives et al., 2011 (Ives et al., , 2012 , which can exert a sympatholytic effect (Tschakovsky & Joyner, 2007) . It is likely that the abolition of the increase in vascular resistance with face cooling resulted in the observed attenuated increases in blood pressure during heat stress ( Figure 5 ). These data directly support previous observations that the increase in blood pressure during a sympathoexcitatory manoeuvre (i.e. the cold pressor test) is attenuated during heat stress (Cui et al., 2010) and also support the findings that heat stress challenges the maintenance of blood pressure during an orthostatic challenge (Schlader et al., 2016b) .
Resistance versus conductance
In the present study, changes in vascular resistance were established a priori as one of our primary outcome variables. It should be noted, 
Considerations
A few methodological considerations warrant mention. First, it is possible that our findings could be explained by the differential forehead skin temperatures evoked by face cooling during normothermia and heat stress. Given the potential for a doseresponse relationship between the magnitude of local skin cooling and subsequent changes in blood pressure (Kregel, Seals, & Callister, 1992) , it is possible that this may, at least in part, explain the divergent responses between normothermia and heat stress conditions. Second, it is possible that the cardiac parasympathetic activation induced by face cooling was simply not evident during heat stress. The Thus, it is possible that face cooling-induced cardiac parasympathetic activation during heat stress occurred, but because of the profound heat stress-induced cardiac sympathetic activation, it did not result in changes in R-R interval and/or RMSSD. Thus, it is possible that if an alternative (i.e. not heart rate variability-based) measure of cardiac parasympathetic activation had been used, we would have different results. Although relatively non-invasive measures of parasympathetic activation are available (e.g. a pupil evaluation test), this may not always reflect cardiac parasympathetic activation. Third, we did not specifically control respiratory rate and/or tidal volume, which might have impacted our heart rate variability analyses (Task Force of the European Society of Cardiology and the North American Society of Pacing and Electrophysiology, 1996) . Nonetheless, we believe that any influence of nominal respiratory instability on heart rate variability was minimal based on data indicating that there are no changes in respiratory rate (Shamsuzzaman et al., 2014) or endtidal carbon dioxide tension (Brown et al., 2003) throughout face cooling. Nevertheless, we do not know how this might have impacted our results during heat stress, when ventilation was probably slightly elevated (Tsuji, Hayashi, Kondo, & Nishiyasu, 2016) . Fourth, Modelflow underestimates changes in stroke volume during passive heat stress, probably occurring secondary to changes in aortic compliance (Shibasaki et al., 2011) . Thus, changes in stroke volume, cardiac output and systemic vascular resistance reported herein are probably underestimated and should be interpreted cautiously, as has been noted recently (Lucas et al., 2017) . This is highlighted by the finding that blood pressure increased slightly during heat stress with face cooling, but neither cardiac output (P ≥ 0.26) nor vascular resistance (P ≥ 0.64) increased over time. Given that all indices of vascular resistance (independent of those related to Modelflow) did not change (Figure 3) , we speculate that cardiac output increased slightly and transiently during heat stress with face cooling. Thus, it is likely that Modelflow simply underestimated the magnitude of observed increases in stroke volume during heat stress. Notably, however, aside from ultrasound techniques, which have limitations relating to intra-and inter-operator variability (Galderisi et al., 2011) , to our knowledge there are no other ways to estimate stroke volume on a minute-by-minute basis.
Therefore, any inaccuracies related to Modelflow-derived estimates of stroke volume during heat stress were considered acceptable. Finally, we did not control for menstrual cycle phase in our one female subject.
Menstrual cycle hormones modulate the mechanisms underlying blood pressure regulation (Wenner & Stachenfeld, 2012) , and blood pressure regulation during heat stress is likely to be different between males and females (Meendering, Torgrimson, Houghton, Halliwill, & Minson, 2005) . Thus, the haemodynamic responses, and the underlying mechanisms, elicited by face cooling and heat stress might be modulated by menstrual cycle phase.
Perspectives
Military personnel and other labourers are often exposed to heat stress (Buller et al., 2010) . Heat stress profoundly and unanimously reduces orthostatic tolerance (Schlader & Crandall, 2014) . Many countermeasures for preserving orthostatic tolerance during heat stress have been identified. Examples include whole-body skin cooling (Durand, Cui, Williams, & Crandall, 2004) and volume infusion (Keller et al., 2009) , which act to augment systemic vascular resistance and cardiac output, respectively. It is notable that in the austere environmental conditions in which personnel are often rendered heat stressed, the use of whole-body skin cooling or volume infusions may not be practical owing to a lack of readily available resources (e.g. electrical power, access to medical supplies). Researchers in our laboratory have recently identified that face cooling raises blood pressure during mild orthostatic stress (Johnson et al., 2017) . This raised the possibility that face cooling might be a valuable countermeasure for augmenting blood pressure during orthostasis while heat stressed. The findings of the present study, however, demonstrate that the magnitude of increases in blood pressure evoked by face cooling are attenuated during heat stress ( Figure 5 ). This casts doubt on the efficacy of face cooling at augmenting blood pressure during orthostasis while heat stressed. Nonetheless, the presumed lack of increase in cardiac parasympathetic activation during face cooling while heat stressed potentially eliminates the possibility for any so-called 'autonomic conflict' , which occurs subsequent to simultaneous parasympathetic and sympathetic activation. Autonomic conflict increases the risk of cardiac arrhythmias (Shattock & Tipton, 2012) , which could have a deleterious effect during orthostasis.
Thus, we believe that future studies are required to determine the efficacy of face cooling on alleviating heat stress-induced orthostatic intolerance.
Conclusions
In the present study, we have identified that passive heat stress attenuates increases in time domain indices of heart rate variability evoked by face cooling when compared with face cooling during normothermia. We have also identified that passive heat stress attenuates face cooling-induced increases in vascular resistance, which ultimately resulted in an attenuated increase in blood pressure.
These findings demonstrate that passive heat stress attenuates the capacity to increase cardiac parasympathetic activation and support the hypothesis that heat stress impairs the ability to increase vascular resistance during sympathoexcitation, which ultimately results in a relative inability to increase blood pressure. Nonetheless, secondary analyses indicate that changes in indices of vascular resistance do not always reflect equivalent changes in vascular conductance during face cooling whether normothermic or heat stressed. The interpretation of these data is currently unclear. These findings highlight the need for better understanding of the use of vascular resistance versus conductance to describe vasomotor tone during sympathoexcitatory manoeuvres.
